Abstract-Objective:
To explore the structural neuroimaging correlates of visual constructive impairment in patients with mild to moderate Alzheimer disease (AD). Background: There is considerable heterogeneity in the non-memory cognitive deficits associated with AD. Structural neuroimaging with MRI is an important diagnostic tool that is gaining acceptance as a surrogate measure of brain pathology in AD treatment trials. Most MRI measurements have focused on medial temporal lobe or global cortical atrophy, which may not reflect some important clinical features of AD. Methods: Thirty-two patients with probable AD were stratified into two groups based on their relative performance on a visual constructive task, the copy of a modified Rey-Osterrieth figure (Rey). The two groups did not differ in basic demographic features or in neuropsychological performance, other than on the visual constructive task. MRI measurements of hippocampal volume, cortical gray matter volume, and focal cortical gray matter loss were performed in the patients and a group of 71 age-matched, normal controls. Results: Both groups showed significant, bilateral hippocampal as well as cortical gray matter volume loss relative to controls. The more spatially impaired AD group (SAD) had more right than left cortical gray matter loss, whereas the opposite was true in the less spatially impaired group (NSAD). The SAD group had significantly less gray matter in the right inferior temporal gyrus relative to the NSAD group. Atrophy of this region was correlated with performance on the Rey task in all patients with AD. Conclusions: Right inferotemporal atrophy may serve as a neuroimaging marker of visual constructive impairment in mild to moderate AD. Heterogeneous cortical atrophy is a common feature of AD. NEUROLOGY 2003; 61:1485 -1491 A clinical diagnosis of probable AD requires the presence of memory impairment plus impairment in one other cognitive domain, such as language, executive function, or visuospatial function. 1 Thus many patients with mild AD present with different cognitive deficits. 2 This clinical heterogeneity has been correlated with heterogeneity in the regional distribution of AD pathology at autopsy. [3] [4] [5] [6] Functional and structural neuroimaging techniques can assess regional brain pathology, and may reflect the heterogeneity in the onset and progression of AD. [7] [8] [9] Visual constructive impairment is a common find-ing in patients with mild to moderate AD 10, 11 that is associated with hypometabolism of posterior parietal and visual cortical areas. 12 In some patients with incipient AD, visuospatial impairment precedes the development of amnestic symptoms. 13 This suggests that prominent neocortical atrophy might be observed in regions that are needed for visuospatial processes in the absence of significant medial temporal lobe atrophy in these patients. 14 Alternatively, patients with early visual constructive impairment may have a combination of hippocampal and neocortical atrophy, with the greatest degree of atrophy in regions that are important for visuospatial function. To explore these two possibilities, unbiased measurements of regional cortical gray matter loss and focused measurements of hippocampal and total cortical gray matter volume were compared in two groups of patients with probable AD who differed only in their ability to complete a visual constructive task, copying a modified version of the ReyOsterrieth figure. Patients were classified into two groups based on their performance on a design copying task that was a simplified version of the Rey-Osterrieth figure (Rey) 15 ( figure 1 ). The spatial AD group (SAD) was defined as subjects with AD who had a z-score equal to or less than Ϫ1.5 on their copy of the modified Rey and greater than or equal to Ϫ1 on all other tests. The nonspatial AD group (NSAD) was defined as subjects who had a z-score equal to or less than Ϫ1.5 on one other neuropsychological test and greater than or equal to Ϫ1 on the Rey. There was no difference in presenting complaint or first symptom between the two patient groups.
Neuropsychological tests. A neuropsychological screening battery was administered to all patients with AD and 22 controls to assess the major domains of cognitive and psychological functioning. General intellectual function was assessed using the MMSE. 16 The California Verbal Learning Test-Mental Status Version (CVLT-MS) 15 was used to evaluate verbal episodic memory, and nonverbal episodic memory was measured using a modified version of the Rey-Osterrieth complex figure (Rey) with a 10-minute free recall delay trial. Language assessment included the abbreviated (15-item) Boston Naming Test (BNT), 17 comprehension of seven syntactically complex commands and questions, repetition of three phonemically complex phrases, semantic fluency (animals/1 minute), and phonemic fluency (words beginning with the letter D/1 minute). Visuospatial assessment included copying the Rey as well as Trial 1 of the Design Fluency subtest of the DelisKaplan Executive Functions Scale. 15 Tests of executive functioning included a visuo-motor set-shifting and sequencing task (a modified version of the Trails B test 18 ), backwards digit span to assess working memory, and the Stroop interference task 19 to assess inhibition of an overlearned response. Ability to perform five arithmetic calculations was also assessed. Mood status was measured using the Geriatric Depression Scale. 20 Group differences in neuropsychological scores were compared using a univariate analysis of variance (ANOVA) statistic with Tukey post hoc. 2 and ANOVA statistics revealed that sex and age differences between groups were not significant; thus no covariates were used in these analyses. Statistical analysis was accomplished using the SPSS software package (version 10.0.5 for Windows, SPSS Inc., Chicago, IL).
MRI scanning. Images were obtained at the San Francisco VA Magnetic Resonance Unit. T1-weighted (magnetizationprepared rapid gradient echo [MPRAGE]) MRI scans were obtained on a 1.5-T Magnetom VISION system (Siemens Inc., Iselin, NJ). The structural MRI sequence used here is identical to that described in a previous study. 21 Volumetric measurements. Volumes of the left and right hippocampus were determined by semiautomated methods as previously described 22 in all patients and 26 controls. MPRAGE images were segmented into gray matter, white matter, and CSF using semiautomated methods (tissue segmentation). 23 The total intracranial volume (TIV) and total cortical gray matter volume (TCV) were determined based on this tissue-segmented MRI data. To account for variations in head size between subjects, hippocampal volumes and TCV were normalized to the TIV of each subject by dividing by the TIV. Asymmetry of hippocampal volume was assessed by dividing the left hippocampal volume by the right hippocampal volume.
Voxel-based morphometry. For the VBM analysis, images were preprocessed and statistically analyzed using the SPM99 software package (http://www.fil.ion.ucl.ac.uk/spm), using standard procedures. 24, 25 Two additional spatial transformation proce-
Figure 1. Examples of modified Rey-Osterrieth copy performance in two patients with probable Alzheimer disease (AD). (A) A 54-year-old man with a Mini-Mental State Examination (MMSE) score of 24 from the spatial AD group. (B) A 59-year-old man with a MMSE score of 20 from the nonspatial AD group.
dures, nonlinear warping of subject images to the template image and modulation by the Jacobian determinate of the spatial transformation matrix, were added to improve registration to the template image and to preserve volumetric information in the results. 26 These methods have been validated against traditional region of interest volumetric methods in patients with AD. 27 To examine the patterns of atrophy specific to each patient group, the following contrasts were performed: 1) nonspatial AD vs controls: the areas of gray matter loss in the patients with nonspatial AD relative to the controls were examined (NSAD Ͻ controls); 2) spatial AD vs controls: the areas of gray matter loss in the patients with spatial AD relative to the controls were examined (SAD Ͻ controls); 3) spatial AD vs nonspatial AD: the areas of gray matter loss in the patients with spatial AD relative to the patients with nonspatial AD were examined (SAD Ͻ NSAD). We accepted a statistical threshold of p Ͻ 0.05 at the voxel level, corrected for multiple comparisons, for the main contrast. The multiple comparisons correction used in SPM99 is based on the theory of Gaussian fields, and has been validated for use in VBM. 24 Localization of areas of significant cortical and subcortical gray matter loss was accomplished by superimposing the regions of significant atrophy on the averaged T1-weighted image used to create the template for spatial normalization and visual comparison with the cerebral atlas of Duvornoy. 28 Regions of atrophy are reported in Montreal Neurologic Institute coordinates. 29 Asymmetry of cortical gray matter loss was assessed by adding the total number of suprathreshold voxels in each hemisphere.
Comparisons of tissue-segmented and voxel-based results. To compare the relative degree of regional atrophy (hippocampal or right inferior temporal gyrus) with the degree of global cortical atrophy in each group, the magnitude of atrophy in the volumetric measurements was compared to the magnitude of atrophy identified in the VBM analysis using an ANOVA with Tukey post hoc of each volume or gray matter concentration (VBM analysis) normalized to that from the control group.
Correlations of MRI and neuropsychological data. Neuropsychological test results were correlated with extracted gray matter concentrations at the peak suprathreshold voxels in VBM analyses 2 and 3 using two-tailed Pearson correlations. A significance level of p Ͻ 0.05 was accepted.
Results. Neuropsychology. The demographic and neuropsychological profiles of the control and patient groups are shown in table 1. There was no significant difference in age, sex, education, or verbal fluency (animals/minute) between the two AD groups and controls. Figure 1 shows examples of performance on the modified Rey copy task by a NSAD patient and a SAD patient. The SAD group performed worse than the NSAD and control groups on this task (p Ͻ 0.001, ANOVA with Tukey post hoc; see table 1). Both groups were impaired relative to controls in recalling the figure after 10 minutes (p Ͻ 0.001), but not different from one another. There was no difference in performance on any of the other neuropsychological tests between the two patient groups (p Ͼ 0.1; see table 1). The NSAD group, but not the SAD group, was impaired relative to controls (p Ͻ 0.05) on backward digit span and a verbal fluency task (D-words/minute). Both groups performed worse than controls on all other tests (p Ͻ 0.05; see table 1).
Voxel-based morphometric analysis of SPM-segmented MRI scans. There was an asymmetric (left Ͼ right) distribution of cortical atrophy in the NSAD group (NSAD Ͻ controls; table 2). In order of statistical significance, the left hippocampus, right and left perisylvian cortices, left angular gyrus, left middle temporal gyrus, left dorsomedial thalamus, and right hippocampus had less gray matter than controls (see table 2 ). When the SAD group was compared with controls (SAD Ͻ controls), an asymmetric (right Ͼ left) distribution of gray matter loss was identified. Focal areas of gray matter loss were identified in right occipital and temporal lobe structures ( figure 2A, see table 2 ). The right middle temporal gyrus, right inferior temporal gyrus, and right middle occipital gyrus showed the greatest relative gray matter loss. The SAD group had significantly less gray matter in the right inferior temporal gyrus as compared to the NSAD group (SAD Ͻ NSAD; see figure 2B , table 2). There were no significant differences in regional hippocampal gray matter loss identified using VBM.
Volumetric measurements of tissue-segmented MRI scans. As expected, both the NSAD and AD groups had smaller hippocampi than the control group (p Ͻ 0.001, ANOVA with Tukey post hoc; figure 3 ). Relative to controls, left hippocampal volume was reduced by 25 Ϯ 21% in the NSAD group and 15 Ϯ 14% in the SAD group. There was no difference in hippocampal volumes between the two patient groups (p Ͼ 0.1). There were no asymmetries in the volumes of the hippocampi in any of the three groups (right/left hippocampal volume ϭ 1.0). Both groups had less cortical gray matter than controls (see figure 3) .
Comparison of tissue-segmented and voxel-based neuroimaging results.
To demonstrate that both the NSAD and SAD group had global cortical and hippocampal atrophy as expected in patients with typical AD, the tissue segmented gray matter volumes and gray matter concentration at the peak suprathreshold voxel within the right inferior temporal gyrus (VBM) were normalized to control values and plotted in figure 3 . The magnitude of gray matter loss in the SAD group was greater in the right inferior temporal gyrus than in the hippocampi and total cortical gray matter, whereas the opposite was true in the NSAD group.
Correlations of neuroimaging and neuropsychological results.
Gray matter concentration at multiple voxels within the right inferior and middle temporal gyri was correlated with Rey-Osterrieth copy score in all 32 patients with AD (see figure 2, A and B, arrows; table 2). The most significant correlation was found in the right inferior temporal gyrus (r ϭ 0.632, p Ͻ 0.001; Pearson, two-tailed; arrow in figure 2B, figure 4) . No correlation existed between atrophy of this region and performance on delayed recall of the Rey, design fluency, MMSE, CVLT, modified Trails B, or abbreviated BNT (p Ͼ 0.1). There was no correlation between the cortical gray matter or hippocampal volume and performance on the Rey copy (p Ͼ 0.1).
Discussion. This study demonstrates that impairment on a neuropsychological measure of visual constructive ability is strongly correlated with the degree of gray matter loss in the right inferior temporal gyrus, and not with other measures of hippocampal, regional, or global cortical atrophy, in a group of patients with probable AD. All patients showed evidence of hippocampal and generalized cortical atrophy, irrespective of the degree of right inferotemporal atrophy. Moreover, a group of patients with AD who performed significantly worse than other patients with AD on the visual constructive task showed significantly more atrophy of the right inferior temporal gyrus, but not other brain structures. These findings suggest that atrophy of the right inferior temporal gyrus may serve as a neuroimaging marker of visual constructive impairment in patients with AD.
Copying a complex two-dimensional figure requires neural processes related to visual perception, working memory, executive control, and motor se- BA ϭ Brodmann area; NA ϭ not available.
quencing. As such, damage to multiple brain regions could theoretically produce deficits on such a task. Thus, it was striking that atrophy of a single neuroanatomic region, the right inferior temporal gyrus, was correlated with this deficit in patients with probable AD. Atrophy of this region was not corre- lated with design fluency performance. This finding may reflect a different cognitive demand in the design fluency task, because the task requires a subject to generate new shapes as opposed to copying shapes. The generation of novel designs is in part dependent on executive function, which is likely to have different anatomic correlates in the frontal lobes. These results are consistent with earlier crosssectional and longitudinal FDG-PET and structural MRI studies that demonstrated asymmetric cortical hypometabolism 12, 30 and atrophy 31 in patients with probable AD. A previous SPECT study showed relative hypoperfusion of the right parietotemporal region in some patients with AD with impaired performance on the Rey copy, 32 and an analysis of sulcal variability in patients with AD demonstrated significant correlations between right temporoparietal atrophy and visuospatial impairment. 9 We have extended these results by providing a more detailed localization of a specific visual constructive deficit.
Nonhuman primate studies have demonstrated that the activity of neurons in a cortical region that is homologous to the right inferior temporal gyrus, the inferotemporal cortex, is increased when the animal is asked to process low dimensional configurations of two-dimensional shapes. 33 This suggests that the selective atrophy of this region in our patients may have led to difficulty in creating a mental representation of the image that was to be copied. A recent atrophycorrected fMRI study of an angle discrimination task demonstrated an increase in blood oxygen level dependent signal in the same cortical region in patients with AD relative to controls, 34 suggesting that neuronal activity may be increased in this region during such tasks. Whether this increased activity represents a compensatory mechanism or reflects an activitydependent neurodegenerative mechanism is unclear.
Focal cortical atrophy is most commonly associated with atypical or early onset presentations of AD, such as the syndromes of posterior cortical atrophy, 10 primary progressive aphasia, 35 and the frontal lobe variant of AD. 6 Prominent cortical atrophy, sometimes in the absence of hippocampal atrophy, is readily appreciable on MRI scans in these patients. 36 Here it is demonstrated that typical patients with AD, all of whom were initially evaluated for memory or wordfinding difficulties, may also display regional cortical atrophy that is measurable while the patients are still alive. If these measurements were repeated in a population of incipient AD patients with isolated visuospatial impairment, 13 this pattern of atrophy might be detectable in the absence of hippocampal atrophy.
Cortical atrophy is highly correlated with histopathologic markers of AD, and accounts for a significant proportion of premortem cognitive deficits in clinical-pathologic correlations of patients with definite AD. 3 The results presented here show that measurements of well-defined cortical regions of interest may improve the clinical relevance of structural MRI-based measurements in AD. In future longitudinal studies of AD, it will be of interest to correlate the change in atrophy of the right inferior temporal gyrus with changes in performance on neuropsychological measures of visual constructive ability. 
